Nanoscale silicon film electrodes in Li-ion battery undergo great deformations leading to electrochemical and mechanical failures during repeated charging-discharging cycles. In-situ experimental characterization of the stress/strain in those electrodes still faces big challenges due to remarkable complexity of stress/strain evolution while it is still hard to predict the association between the electrode cycle life and the measurable mechanical parameters. To quantificationally investigate the evolution of the mechanical parameters, we develop a new full field 3D measurement method combining digital image correlation with laser confocal profilometry and propose a strain criterion of the failure based on semi-quantitative analysis via mean strain gradient (MSG). The experimental protocol and results illustrate that the revolution of MSG correlates positively with battery capacity decay, which may inspire future studies in the field of film electrodes.
Introduction
Nowadays, rechargeable lithium-ion batteries (LIBs) have become the main power source of modern electronic products such as electric vehicles, cellphones and other portable electronic devices [1] [2] [3] , due to their advantages of high specific energy, small self-discharge, no memory effect and good circulation performance. To satisfy the increasing demands for LIBs with higher capacity, various improved strategies of LIBs techniques have been proposed [4] [5] [6] . One effective approach to enhance the specific capacity (SC) is to employ alternative anode materials with higher SC. Silicon (Si) draws great attention in recent years as a promising anode material for it has the highest theoretical SC value (about 3579 mAhg −1 ) among those potentially alternative anode materials in LIBs so far. This is because, based on the up to date knowledge, Si anodes can be embedded with more lithium ions when LIBs work [7] . However, the commercial applications of Si anodes are hindered by several factors. The most challenging problem is that Si anodes suffer from considerable volumetric changes during the lithiation/delithiation processes (more than 400%) [6, [8] [9] [10] , which directly results in mechanical failures after several charge/discharge cycles [6, [11] [12] [13] [14] [15] [16] [17] [18] .
In the past ten years, silicon-based LIBs have been studied by many researchers from theoretical and experimental aspects, respectively. In the theoretical aspect, the interactions between the micro structures of the silicon and the lithium ions during charging/discharging process are of main concern, based on either the elasticity or diffusion theories. Specifically, Lu et al. and Fang proposed an analytical method that describes the dynamic process of the silicon particles and lithium ions [19, 20] . Suo and Qu established a mechanical-chemical coupling model based on the elastoplastic theory [21] [22] [23] . Zhang developed the electrochemical-mechanical coupling model, by which the influence of the elastic modulus on diffusion phenomena has been investigated [24] . Xie and Li et al. investigated the stress distributions in LIBs by a traditional cantilever model, while the rigidity evolution of the silicon anode has been also obtained [25, 26] . Liu et al. analyzed the insertion-induced stress in a Si anode and the interfacial decohesion effect of a silicon thin film electrode adhesively bonded to a rigid substrate using finite element analysis (FEA) [27] . M.T. Demirkan investigated the influence of the anode density on the LIBs capacity and cycle life [16] . In the experimental aspect, the studies mainly focus on in situ observations and measurements of the anode deformation, phenomenologically or quantificationally. On the one hand, the fracture/cracking phenomena of the Si anode have been characterized phenomenologically through various imaging systems, including the atom force microscope (AFM) [8] and the optical microscope [28] . On the other hand, the anode deformation/deflection have been measured quantificationally to depict the mechanical behavior of the Si anode combining with the modelling calculations [8, 25, [28] [29] [30] [31] . Furthermore, some researchers were inspired by nanotechnology and consequently optimized the nanostructures of Si anode to improve the LIBs cycling performance [5, 6, 32] . A key factor to comprehensively understand the failure mechanism of the Si anode is that the full field deformation and the three-dimensional (3D) shape can be characterized quantificationally in real time during the lithiation/delithiation processes. Traditional full field displacement/strain measurement techniques are mostly based on optical methods, such as DIC (digital image correlation) [33, 34] , Moiré methods [35] [36] [37] [38] and grid methods [39, 40] . However, in situ measurement of Si anode poses extra problems when the anodes are within the electrolyte when they are in service. In addition, it is difficult to deposit any speckles or other types of optical marks onto the anode surface.
In the current study, the above-mentioned issues in the experimental aspect have been discussed in detail. The novelty of this work includes the following. A real time/full field 3D measurement method, combining the traditional DIC technology with the laser scanning method, is developed to realize the characterization of anode deformation in 3D space. A parameter defined as mean strain gradient (MSG) is proposed to describe the uniformity extent of electrochemical reactions based on full field strain distribution data. Besides, a button cell with an optical window opened, matched with a laser confocal scanning microscopy (LCSM) system, is designed and self-refitted, by which the anode surface can be observed and measured in situ. The remainder of the paper is divided into the following sections. In the Methodology Section, the basic principles of the in-suit measurement method are presented. In the Experimental Section, the sample preparation, the testing procedures and other experimental details are described. In the Results and Discussion Section, the experimental results are discussed and analyzed. In the Conclusion Section, we provide a summary of the study.
Measurement Principle
The 3D-DIC technique is generally believed to be one of the most effective full field strain/surface shape measurement methods [33, 34, 41] . Although 3D surface deformation measurement can be easily achieved using 3D-DIC method with satisfactory accuracy, the direct application of such a technique to the measurement of anodes in LIBs is still challenging, because the traditional 3D-DIC method depends on binocular vision technique using various imaging devices. Commonly used methods of 3D reconstruction with a single imaging device, such as structured light projection (SLP) and laser scanning can simply measure the 3D surface shape instead of 3D deformation. To achieve genuine 3D deformation determination, extra in-plane displacement measurement must be introduced and combined. In the current study, the authors employ such a strategy by combining the in-plane (2D) DIC method with laser scanning using an LCSM system. The imaging principle of the system is illustrated in Figure 1 . As shown in Figure 1 , an LCSM system has the ability to offer grey level images of 256 bits describing the in-plane features and to scan the electrode surface describing the surface shape, simultaneously. However, the in-plane displacement distribution obtained by the DIC method and the 3D surface shape by laser scanning are coupled. The key issue here is to decouple such information. The decoupling process can be described as follows:
(1) Images of 256 bit grey-level in laser mode and the surface shape data of the tested electrode are simultaneously captured with an LCSM before the electrode deforms, expressed as I(x, y) and Z(x, y), respectively. Note that I(x, y) which denotes the grey-level values distribution and Z(x, y) which denotes the height values distribution are the functions of the in-plane coordinate values (x, y). (2) Images of 256 bit grey-level (in color mode) and the surface shape data (in laser mode) of the tested the electrode are simultaneously captured after the electrode deforms, expressed as I (x, y) and Z (x, y), respectively. (3) In-plane displacement distribution of the electrode surface can be determined with color mode images by DIC technique. The displacement along two mutually perpendicular directions can be expressed as u(x, y) and v(x, y), respectively. (4) The 3D surface is shifted back to its original location (before it deforms) by subtracting the in-plane displacement distribution values, rewritten as
out-of-plane displacement is written as w(x, y).
Through the above five steps, a genuine 3D deformation measurement is achieved. The overall measurement principle can be summarized and illustrated in Figure 2 .
The measurement principle, the algorithm and other details of the traditional DIC/3D DIC technique have been discussed in a series of articles [33, 34, 41] . Hence, in the current study the relevant contents of DIC are not repeated.
The theoretical error of the 3D deformation calculated according to the method shown in Figure 2 is as follows: displacement sensitivity is about 0.005 to 0.05 pixels, and strain sensitivity is about 50 to 100 microstrains. 
Experimental

Sample Preparation
A typical inner structure of the button cell CR2032 is illustrated in Figure 3a , in which the anode/working electrode and the cathode material/counter electrode located beside the opposite sides of the separator. Obviously, the common button cell structures with the anode optically invisible are not suitable for in situ measurement. A redesigned and reassembled button cell CR2032 with an opening optical window is thus developed, presented in Figure 3b , in which the anode (working electrode) is placed reversely close to the optical window. Besides, to shorten the lithium ion transmission path, the electrode structure was designed as a gradient structure, as seen the yellow box in Figure 3b . Such a structural design not only ensures the shortest flow path of lithium ion, but also realizes in situ observation and measurement under a microscope. Furthermore, unlike the traditional button cell CR2032, a working electrode in the form of nanoscale Si thin film is employed in the current study. The Si film electrode is manufactured by an RF magnetron sputtering method, which indicates that the Si film electrode is amorphous [42] . The RF magnetron sputtering parameters are as follows: rate of flow of Ar is 40 mL/min, intensity of pressure is 2.0 Pa, power of working is 200 W, time of working is 40 min. After the deposition of Si thin film on a circular copper foil collector as the substrate, the thickness of the film was measured using a laser profiler, and the thickness of Si thin film is 800 nm. The Si film electrode along with the copper foil substrate and other essential elements/materials shown in Figure 3 are subsequently assembled together in a glove-box filled with ultra-high purity argon (water content < 0.1 ppm, oxygen content < 0.1 ppm). The quartz glass window was sealed with cement (GSE, K-737). The sealed button cell was filled with 1 M LiPF6 in ethylene carbonate and dimethyl carbonate (EC:DEC = 1:1 vol%, Tianjin Jinniu Power Sources Material Company, China) as the electrolyte. The diameter of the optically visible window is 6 mm. The basic parameters of the elements/materials of the self-assembled button cell are listed in Table 1 . Well assembled button cell sample were still put in a calorstat for 12 h before their first charging/discharging cycle. The assembled button cell is shown in Figure 3c .
Electrochemical Cycling Experiments
The electrochemical cycling tests of charging/discharging process were conducted at room temperature using a battery testing system that offers 8 signal channels in one experiment (BTS-8, KJ GROUP). The cell was charged/discharged at a constant density of i = 340 mAhg −1 and the charge/discharge rate was about 0.1 C (the theoretical specific capacity of silicon is 3579 mAh g −1 ). The cell was maintained as an open circuit for two minutes between two arbitrary consecutive galvanostatic charge and discharge process. The maximum and minimum values of the charging/discharging voltages are 0.5 V and 2.5 V, respectively. The cell runs 14 cycles in total in the current experiment, in which the projection/two-dimensional images as well as the 3D surface shape of the ROIs (region of interest) of the Si film electrode were in situ captured and recorded every three minutes using an LCSM system (Olympus OLS5000) through the quartz glass.
Imaging Processing Parameters
The positions in the working electrode of the one ROI selected to calculate the strain and the out-of-plane displacement are shown in Figure 3d . The physical dimensions and the pixel dimensions of ROI are 190 µm × 190 µm and 300 pixels × 300 pixels, respectively. The pixel dimensions of the subset employed in DIC calculation are 10 pixels.
Results and Discussion
Surface Shape/strain Distribution of the Si Electrode
Compared to the thickness of Si film electrode, the copper foil substrate can be considered as a semi-infinite solid, a common model in solid mechanics. Based on the semi-infinite solid model, the deformation of the copper foil has not been taken into account in the current investigation. Through the lithiation and the delithiation process, the Si film electrode can freely expand and shrink except its bonding surface with the copper substrate. The surface deformation of the electrode during its lithiation/delithiation process is presented in Figure 4 , including in-plane deformation distribution and out-of-plane displacement distribution. The strain distribution ε xx shows the radial strain distribution (see Figure 4i ), and the strain distribution ε yy shows strain distribution of the tangential direction accordingly (see Figure 4ii ). The out-of-plane displacement distribution is presented in Figure 4iii . Due to the radial motion of lithium ions along the silicon thin film electrode, the distribution of radial deformation of the electrode is different from that of circumferential deformation. In order to facilitate the analysis, we deal with the in-plane strain distribution: the strain ε xx is averaged in the y direction, and these averages are fitted, shown as Figure 4i b and d. What's more, the trend of strain distribution is the opposite in the process of lithium insertion and delithiation: the strain distribution near the central area should be changed greatly in the process of lithium insertion, and the delithiation process is reversed, shown as Figure 4i . The strain ε yy is averaged in the x direction, and these averages are fitted, shown as Figure 4ii b and d. The strain distribution ε xx exhibits gradient along x direction. The strain distribution ε yy exhibits symmetry in the y direction, and the strain distribution ε yy exhibits gradient along y direction in every tiny subregion. At the initial stage of the lithiation processes, the tangential strain ε yy was significantly smaller than the radial strain ε xx , shown as Figure 4i ,ii. The out-of-plane displacement w of lithium removal is significantly smaller than the out-of-plane displacement w of lithium intercalation, shown as Figure 4iii) . Besides, the out-of-plane displacement w also shows average at single time of the electrochemical reaction, while the strain distribution ε xx and ε yy tends to increase. This result is due to the transport path of lithium ions. The strain distributions indicate that an electrode in the form of a circular thin film deposited on a semi-infinite solid deforms in lithiation/delithiation processes similarly to a thermal expansion process.
The overall evolutions of the surface strains of the electrode is illustrated in Figure 5 . The state of charge (SOC) represents the ratio of remaining power to total capacity in the battery (0% = empty; 100% = full). From the figures (Figures 4 and 5) , it is shown that the strain increases when lithium ions are embedded in silicon electrode material during lithiation process, while strain decreases when lithium ions are removed from silicon electrode material during delithiation process. 
Strain Criterion of Electrochemical/Mechanical Failures
The diffusion-induced stress in Si film electrodes relates to various factors such as the reaction path between the electrode and the electrolyte and the material in continuity of the Si electrode. Besides, the Young's modulus of the Si electrode varies through the electrochemical process. Thus, it is hardly possible to experimentally determine the dynamic process of the inner stress distribution. However, material deformation, normally expressed with a concept of strain from a mechanical standpoint, exists objectively, which can be measured quantificationally. Since the strain is not uniform across the electrodes, how to evaluate the deformation and damage of electrode is a challenging problem. Based on the current experiments, the full field strains of the electrode in every phases of the electrochemical process are determined. To effectively describe the mechanical/electrochemical failure of the working electrode, the authors employed a parameter of MSG (mean strain gradient) that depicts the randomness and the discontinuity of the strain distribution. The mathematical description of MSG can be expressed as follows.
where δ total denotes the MSG considering both x and y directions, while δ X and δ Y denote the MSG along x and y direction, respectively, A and B are the pixel dimensions of the ROI along x and y direction, respectively, a and b are the pixel dimensions of the subset along x and y direction, respectively. ε ij is the strain values at a certain point (i, j) in the pixel coordinate, defined with the following two equations.
where u ij and v ij are the displacement value along x and y directions, respectively. f x ε ij and f y ε ij are the gradient values of the strain along x and y directions, respectively. The physical meaning of the strain gradient explains the strain fluctuations along a certain direction which results from the inhomogeneity of the electrochemical reactions. One big advantage to analyze the electrochemical performance of the electrode by the introduced MSG parameter is that, compared to other calculation-based stress analysis methods, the characteristics of genuine deformations over a large area on the electrode can be determined experimentally, describing the macroscopical electrochemical properties such as the reaction intensity. Indeed, results from the current experiments proved that the stress distribution expressed great inconformity. It is generally believed that tensile stress is commonly defined positive, while compressive stress negative in mechanics. The electrode is under compressive stress during lithium insertion, while the electrode is under tensile stress during lithium removal. However, genuine stresses are commonly opposite in sign at different electrode locations due to the material inhomogeneity based on the current experimental results. The development trend of the MSG along two orthogonal directions with the lithiation/delithiation procedures revolving is shown as Figures 6 and 7 . In Figure 6a ,b, the evolution curves of strains in different directions have been presented, in which the abbreviations of max and min represent maximum and minimum values of the strains, respectively, while ave and std represent average values and standard deviations, respectively. The strains in lithiation process are obtained by differencing the locations of B state and C state (see Figure 5 ), while in delithiation process by differencing the locations of A state and B state. In Figure 7a ,b, the evolution curves of MSGs in different directions have been presented.
From the results, it can be summarized as follows:
(i) Both the out-of-plane displacement and the in-plane strain during the lithiation/delithiation process show great discreteness over a large surface area. Positive strains and negative strains exist simultaneously, which indicates that the stress distribution is inhomogeneous. (ii) Average strains slightly fluctuate with the cycles evolving, which indicates that electrochemical failures are not uncorrelated with average strains. In other words, single point analysis of strain/stress is not feasible in investigating electrochemical failures of electrode. (iii) MSG values mainly decreases with the cycle number increasing. The trend indicates that the strain distribution tends to be uniform with the electrochemical reaction of working electrode. Furthermore, the trend of MSGs are opposite in lithiation and delithiation processes, which demonstrates that MSG is sensible to the movement directions of Li-ions.
Conclusions
A developed DIC method combined with laser confocal profilometry has been presented to realize the in situ 3D measurement. The in-plane strain and the out-of-plane displacement distribution of the silicon film electrode have been experimentally determined simultaneously during the lithiation/delithiation processes. A semi-quantitative analysis method by introducing a parameter of MSG was proposed to describe the electrochemical/mechanical failures based on a strain criterion strategy. The results indicate that MSG is able to depict the electrode failures more comprehensively for the parameter employs full field deformation information. 
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